Carbon nanofiber (CNF) reinforced elastomer composites with light weight, sustainability of large deformation, chemical stability, corrosion and fatigue resistance, and vibration and noise reduction capability can have positive impact on a wide range of applications. However, this type of composite is still a under studied research area due to the difficulties in material handling and processing. To improve processing control and reproducibility for large scale engineering applications, cost effective carbon nanofibers (CNFs) in form of interconnected porous network structure were used as nanofillers. Processing, microstructure and mechanical properties of carbon nanofibers reinforced polydimethylsiloxane (PDMS) have been studied. Mechanical measurements on the composites show that the CNF-PDMS interfacial bonding can be until failure, interfacial debonding happens in the CNF-PDMS composites and the resulted permanent deformation stabilizes with increasing load-unload cycles with significant energy dissipation.
INTRODUCTION
Composite materials and structures have been a field attracting both basic science research and practical application development interests for a very long time. By combining two or more materials with significantly different properties and keep their distinct constituent phases, composites can not only combine the desirable properties of constituents but more often develop novel properties that are not possessed by individual constituents. With their light weight, superior mechanical properties, fatigue and corrosion resistance, and low manufacturing and maintenance cost, polymer matrix based composite materials have found extensive engineering applications in aerospace, automobile, marine, civil, electronic, sporting and leisure equipments. 1 2 Fillers with different composition, size and morphology have been introduced to form polymer composites. Spherical particles such as carbon black have been used for a long time to improve the mechanical and electrical properties of polymers. Various continuous glass fibers, organic fibers, and carbon fibers have also been developed to reinforce the polymer matrices for structural component applications. In addition to these commercialized fillers, a wide range of nanomaterials with various * Author to whom correspondence should be addressed. dimensionality have been synthesized and introduced to polymers with the rapid development of nanoscience and nanotechnology since the 1990s. [3] [4] [5] [6] [7] [8] [9] The polymer nanocomposites (PNCs) are expected to utilize the size effects, large interfacial area and anisotropy of the nanofillers to develop improved performances. The two most common approaches of polymer nanocomposite (PNCs) fabrication are the direct mixing 10 11 and in situ polymerization. 12 13 Studies have shown that significant challenges exist in controlling the dispersion and alignment of the nanofillers which greatly hinder PNC synthesis and performance reproducibility. In addition, most of current studies on carbon nanomaterials polymer composite focus on using nanotubes, and often times for mechanical strengthening effects in engineering epoxy. Very limit studies exist on the investigation of elastomer based composites. This study will explore the use of assembled, interconnected network structure of one dimensional carbon nanomaterials as the backbone of elastomer composite. This approach will not only improve materials handling and reproducibility but will also introduce functionalities other than mechanical strengthening. In this study, commercially available carbon nanofibers (CNFs) have been chosen as the filler material due to their relative low cost, mass availability and comparable properties to the muliwalled carbon nanotubes (MWNTs). Through a dispersion and filtration process, [14] [15] [16] loose CNFs were first assembled into a self-supportive interconnected network structure and the composites were then synthesized by vacuum assisted polymer infiltration and polymerization. This approach can greatly improve materials handling and processing reproducibility and a higher filler volume percentage can be achieved. More importantly, the CNF network structure can help to introduce multiple mechanical, electrical and thermal functionalities to expand the composite applications in vibration/acoustic damping, lightening strike prevention, electromagnetic immunity (EMI) shielding and resistive heating applications. Combined with elasticity, low modulus, and high ductility of elastomers, these CNFs reinforced composites can have additional application potential for the development of novel bio stress/strain sensors, impact energy absorbing structures, and thermal interface materials.
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EXPERIMENTAL DETAILS
Carbon nanofibers used in this study were purchased from Pyrograph Products, Inc. They have an average diameter of 100 nm and length between 50-100 m. These CNFs were produced by decomposition of hydrocarbon gases using Fe catalytic nanoparticles at high temperatures. Comparative studies on the PDMS composites using pristine and acid treated CNF fillers have been performed. A typical acid treatment procedure includes ultrasonication of the CNFs in a 1:3 volumetric ratio mixture of nitric acid (68.0-70.0%) and sulfuric acid (95.0-98.0%) for 4 hours, 10 followed by multiple times of deionized water rinsing (DI water) and filtration and finally the CNFs are collected after being dried in an oven for overnight at 110 C.
In addition to use scanning electron microscopy (SEM) for CNFs and composite morphology characterization, UV-Visible absorption spectroscopy has been used to characterize the CNFs dispersion stability in various liquids.
To fabricate assembled network structures, CNFs were dispersed in acetone at a concentration of 1 g/liter using an ultrasonic probe homogenizer for 15 minutes at a power level of 60 watts. Suspension was then vacuum-filtered through a porous polyester membrane (Poretics 200 nm pore size). The precipitated CNFs structure left on filter membrane was then heated at 110 C to evaporate the remaining acetone. During this drying process, external stress was applied to adjust the CNFs volume percentage. Measurement results presented in this paper are from the samples fabricated under same atmospheric conditions without applying extra stress.
Polydimethylsiloxane (PDMS) used in this study is the two components Sylgard 184 from Dow Corning. The base polymer precursor and curing agent were mixed at a 10:1 volume ratio and degassed in vacuum before infiltrating into the CNFs network structure under vacuum. Samples were then placed on a spin coater to remove excessive PDMS. Finally, the samples were put on a hot plate to cure at desired temperatures. Results reported here are for the samples cured at 100 C for 24 hrs.
Tensile testing for the pure PDMS and composite samples was performed on an Instron 4467 tensile tester. All test samples had shape and lateral dimensions in accordance with ASTM standard D 412 (Fig. 1) . Tensile tests were performed at a cross-head moving speed of 1 mm/min. Computer recorded simultaneous load and total sample deformation data for engineering stress and strain calculation. The strain data used in the presented results are presented by the measured deformation divided by the length of the middle portion of the dog bone shaped samples.
RESULTS AND DISCUSSION
CNFs Morphology and Dispersion Stability
Pristine and acid treated CNFs were dispersed in acetone under the same conditions and a drop from each suspension were placed on a flat substrate for SEM examination after acetone evaporation. From the microscopic pictures with same magnifications as shown in Figure 2 , it can be seen that acid-treatment process used in this experiment did improve CNF distribution uniformity and significantly reduces the size and number of agglomerates. At the same time individual fiber surface morphology does not exhibits appreciable changes in terms of CNF average diameter and length under higher magnification study. It has been widely observed that acid treatment can help to remove amorphous carbon and can cause increase in the number of defects and even breakage in carbon nanotubes. [17] [18] [19] The observation here maybe due to the large size of the carbon nanofibers and the high temperature graphitizing process used in CNF synthesis.
Stability of CNF dispersed in various liquids was analyzed from the CNFs characteristic adsorption peak strength using UV-Visible spectroscopy. CNFs were first mixed with liquid and sonicated for 15 minutes before the first adsorption spectrum was taken. Figure 3 shows the summarized adsorption peak intensity data located between 265-275 nm as a function of time for different suspensions. CNFs cannot form stable suspension in DI water (no CNF absorbance was detected). In both alcohol (Ethanol) and acetone, the initial dispersion concentration of CNFs was low and fast precipitation was be observed. By adding surfactant such as sodium laurilsulfate (SDS), the CNFs dispersion concentration in water can be great increased with improved stability. After acid treatment, CNFs showed improved dispersion concentrations and suspension stability in both DI water and acetone than using the SDS. Figure 4 shows the representative initial loading curves for pure PDMS, pristine CNF reinforced PDMS composite and acid treated CNF reinforced PDMS composites.
Mechanical Properties Comparison
Density of CNF and PDMS are 1.9 g/cm 3 0.965 g/cm 3 , respectively. Knowing the CNF/PDMS mass and sample dimension, the CNF concentration for the two composite samples presented here are determined to be 3.20 vol% and 7.49 vol%, respectively. Corresponding weigh percentage of the two samples are 6.11 wt% and 13.75 wt%, For more than 50 samples of each type studied here, it is always observed that the acid-treated CNFs always packed almost twice denser than the untreated CNF in the sheets form. This may also be an indication of improvement in fiber uniformity and could be the result of better dispersion. For the two composite samples tested here, they have equal amount of total CNFs but with different thickness (1.45 mm for un-acided treated smaple and 0.70 mm for acid treated sample) due to the CNFs packing density.
Tensile test performed on the pure PDMS sample shows a nonlinear elastic behavior up to the fracture point with completely reversible the load and unload curves, as been discussed in a previous study. 6 Both composites show more significant non-linear mechanical responses and reduced ductility. Enhancement in the initial mechanical modulus is evident. When a linear fit is used up to a strain value of 0.05, the calculated moduli for pure PDMS, pristine CNF composite and acid treated CNF Considering the CNF concentration in the acid treated sample is twice of that of un-acid treated sample, the disproportion of the initial modulus increase confirms the significant effect of interfacial bonding strength to the load transfer and mechanical response of materials. Previous studies on CNT indicated the introduction of surface functionalization groups and remove of amophrous carbon layers after acid treatment. 20 21 The other notable observation is that there is only a small difference in the failure strength for the three samples. Combined with later cross section micrograph analysis, it can be concluded that these nanocomposite failure is due to the interfacial debonding and failure initiated in the polymer matrix. Here the fracture strength of acid-treated sample is a little lower than that of the un-acid treated composite. Sample fracture is very sensitive to defects formation, growth and propagation which may not directly link to the interfacial bonding strength.
Unlike pure PDMS, composites samples have much smaller elastic deformation range. As shown in Figure 5 , the second and consequent loading curves are very different from the initial loading curve. For composite samples with pristine CNFs, after initial applied strain of 0.30, the unrecoverable strain after unloading was around 0.05. In comparison, the composite sample containing acidtreated CNFs had a larger unrecoverable strain over 0.1
(g) (h) As shown in the figures, load and unload curves stabilize with increasing number of cycles. For composite with untreated CNFs, the hysteresis between load and unload curves persisted after 100 cycles, indicating significant amount of energy dissipation during the cyclic loading. On the other hand, for composite with acid-treated CNFs, energy dissipation during load and unload decreases with the number of cycles, and both curves almost overlapped. Since pure PDMS showed no appreciable intrinsic energy dissipation, the load-unload hysteresis in composites should be attributed to the interfacial debonding and resulted interfacial friction effects. The measured differences in the composites indicate very different nature of surface bonding and further study is needed to quantify this difference.
Fractured Surface Morphology
The cross section morphological micrographs of composite samples reinforced by pristine and acid-treated CNFs are shown Figure 6 . The tensile fractured surfaces are shown together with the cut surfaces created by a razor blade without additional stress. For the purpose of illustration, only mid-range magnification images are shown. The micrographs show uniform and random distribution of CNFs for both samples. The sample with pristine CNFs has a much smoother surface compared to that of the sample with acid treated CNFs. Also more polymer material attaches to the acid treated CNFs. These observations confirm that the acid-treatment can significantly improve fiber-PDMS interfacial bonding, When compare the cut and fractured surfaces, it is observed that the exposed CNFs are have more uniform however shorter length for the cut surface than that of acid-treat composite and the composites failure is dominated by fiber pullout and polymer matrix failure.
SUMMARY
Assemble loose carbon nonofibers into interconnected and self-supportive network structure can improve the handling and reproducibility of polymer nanocomposite synthesis. These composites show significantly enhanced elastic modulus with improved energy dissipation capability for cyclic loading. Also the composites have higher toughness when compared to pure PDMS. Acid treatment can help to introduce hydrophilicity and improve CNF dispersion and stability in water. Acid treated CNFs also forms better bonding with PDMS, which is evident from the increase in initial composite elastic modulus and more attachment of polymer on the fiber surface. Interface debonding and polymer facture is the main failure mechanism in these composite materials. With their improved modulus, strength, toughness and dynamic damping properties, these CNFs reinforced elastomer composites can have a wide range application as structural components.
